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ABSTRACT
The transitional Reynolds numbers for different patterns are available and a proposed transitional map is also
provided in this paper. The transition of falling-films on flat tubes is studied in this work. Water and ethylene glycol
are used as working fluids, for falling-film experiments conducted under adiabatic conditions, without an imposed
vapor flow. The flow patterns are recorded using a high-speed, digital camera over a range of flow rate and tube
spacing. The flow patterns are similar to those on round tubes, including sheet, sheet-jet, jet, jet-droplet and droplet
flows, but the transitions for ethylene glycol are different–there is no sheet-jet pattern during transition between the
sheet and jet flow patterns. The transition threshold increases with tube spacing and the effect of distributor height
depends on flow patterns. The transitional Reynolds numbers for different patterns are available and a proposed
transitional map is also provided in this paper.
Key words: falling film, flat tube, microchannel, flow mode transition

1. INTRODUCTION
New applications are emerging in co-generation, geothermal power, air-conditioning and other areas in which
evaporative condensers are an attractive design option. For example, in many electrical power generation systems,
the peak power demand occurs at high ambient temperature. Cycle efficiency decreases with increasing condensing
temperature; therefore, without measures to keep condensing temperatures low as the ambient temperature rises,
efficiency will drop during the peak demand. An evaporative condenser can effectively mitigate this problem.
In these emerging applications, the use of so-called microchannel tubes can be attractive. In systems for which
working-fluid inventory should be minimized—perhaps due to toxicity, environmental impact, or cost—the use of
microchannel tubes can be an effective part of charge minimization. In cycles operating at high pressures (e.g.,
transcritical CO2 cycles), microchannel tubes are attractive because of mechanical integrity. Thus, there is interest in
the use of microchannel tubes in an evaporative condenser.
One way to implement microchannel tubes in an evaporative condenser is to operate the heat exchanger with in-tube
condensation (or gas cooling) and a film of water flowing over the outside surfaces of the flat, microchannel tubes.
A uniform distribution of water on the exterior of the microchannel tubes is critical to the heat-transfer performance
of such a heat exchanger. Moreover, the flow pattern is known to be important to the distribution of the liquid and to
tube surface wetting. Such effects for flow on round horizontal tube heat exchanger have been extensively studied
and some relevant findings are as follows: 1) dryout due to a low flow rate will sharply reduce the heat transfer
coefficient (Ribatski and Thome, 2007); and 2) the increased film thickness at a high flow rate will reduce the heat
transfer coefficient (Gstohl and Thomes, 2006). So it is important to understand the falling-film modes to properly
operate the heat exchanger.
For round-tube falling-film heat exchangers, the liquid film is known to flow in several flow patterns, the so-called
droplet, jet, or sheet modes (Mitrovic, 1986), depending on operating conditions. The falling-film transition on
round horizontal tube is known to depend on the flow rate and fluid properties, and transitions are usually
represented as a relationship between the transitional Reynolds (Re) and the modified Galileo number (Ga). Often
this relationship is in a power-law form (i.e., Re=AGaB), where coefficients A and B are different for each flow
transition. The values of A and B obtained in previous research are given in Tab. 1.
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Table 1. Coefficients for the transitional Reynolds number (Re=AGaB ) according to different authors
Sheet/Sheet-Jet
Sheet-Jet/Jet
Jet/Jet-Droplet
Jet-Droplet/Droplet
Reference
A
B
A
B
A
B
A
B
Armbruster and
1.14
0.25
0.92
0.25
0.26
0.25
0.2
0.25
Mitrovic 1994
Hu and Jacobi
1.448
0.236
1.414
0.233
0.096
0.301
0.074
0.302
1996, 1997, 1998
Roques et al.
1.064
0.2563
0.8554 0.2483
0.0684
0.3204
0.042
0.3278
2002, 2003, 2004
The effects of geometry on falling-film transitions for round tubes have also been studied. Honda et al. (1987)
conducted experiments using low-fins tube and obtained different values of A and B. Roques et al. (2003) also
focused on tube surface effect by considering low fin, Turbo-BII, Thermo-EXCEL-E, and Turbo-CSL tubes, and
they provide different values of A and B. Because a gas flow typically exists in application, Jacobi and co-workers
conducted several studies of the effect of a counter-current air flow; new transition criteria including the Weber
number (We) are provided in their papers (Wei 2002; Ruan, 2009). Reviews of research on round-tube, falling-film
behavior are available in the literature (Mitrovic, 2005; Ribatski and Jacobi, 2005).
There has been no work reported in the open literature on the falling-film flow patterns for a liquid film falling
between horizontal flat tubes, as would occur in a microchannel evaporative cooler. Although some expectation of
flow pattern transition can be obtained from the round-tube geometry, the differences in geometry can be anticipated
to make the flow regimes for round tubes and flat tubes different. For example, the Taylor instability known to give
rise to the spacing between jet and droplet departure sites may not manifest on a thin flat tube. The difference in
liquid velocity profiles, caused by differences in the distribution of gravitation and shear forces may also cause
changes in flow patterns. In this paper, experimental findings are presented to characterize falling-film flow patterns
and transitions for flat-tube geometries. To the authors’ knowledge, this study will represent the first
characterization of this flow, and it is a flow that may have importance in a range of technical applications as energy
and environmental concerns continue to call for innovative thermal system design.

2. EXPERIMENT
2.1 Experimental setup and apparatus
The experimental apparatus consisted of a liquid distributor, reservoir, variable-speed pump, filter, flow meter and
valves, as shown in Fig. 1. The test liquid, driven by the pump, was delivered from the liquid reservoir through the
filter, the flow meter and valves to the distributor, and then flowed over a round tube and finally two flat tubes. The
liquid was collected in a reservoir under the tubes, completing the circuit. A schematic of the liquid distributor is
shown in Fig. 2. The distributor had two parts to ensure a uniform liquid distribution: one was a PVC tube with 61
holes, 3 mm in diameter and 5 mm apart (center to center) on the bottom; the other was a Plexiglas box with 60
holes, 1 mm in diameter and 5mm apart on the bottom. The PVC tube provided a primary liquid distribution and the
Plexiglas box gave a more uniform distribution. A round tube under the distributor helped to make the flow steady.
The flat tube was 400×25.4×3.18 mm (length × width × thickness) and made of aluminum (see Fig. 3). Prior to the
experiment, the flat tubes were polished with emery cloth 320/P400. The spacing from bottom of distributor to the
top of the round tube was 1 mm (s1 in Fig. 1), and the spacing between the bottom of the round tube and top of the
first flat tube was fixed at certain values (s2 in Fig. 1). The spacing between two flat tubes, s, was prescribed for a
particular experiment. Experiments were conducted using 6 different values. The liquid flow rate was measured
using a Coriolis-effect flowmeter with an uncertainty of ± 0.1%, and temperature and density of the test liquid were
also measured in the flowmeter. Surface tension, V, and viscosity,P, of the test liquid were taken from the literature.
2.2 Experiment scope and uncertainty
Before an experiment, the liquid distributor was leveled carefully by adjusting its location to make sure the liquid
fell vertically, without any shift to either side of flat tube. The distances s2 and s were set to prescribed values. The
liquid circulation system was kept running for 2-3 hours to assure the flow stability and complete wetting of the tube
surfaces. The pump speed was set by a programmable controller, and the running frequency of the pump was set to
International Refrigeration and Air Conditioning Conference at Purdue, July 12-15, 2010

2461, Page 3
decrease with a very small step; in this way the flow rate changed from a large value to a small value gradually.
During this period, the flow was observed carefully and flows patterns were recorded using a camera with the
images sent to the computer for detailed processing. Considering there may be a transition hysteresis, a flow with an
increasing flow rate was also observed. For every test condition, the flow process with decreasing and increasing
flow rate was repeated 3 times. Water and ethylene glycol were used as test liquids and experiments were conducted
under adiabatic conditions. The relevant physical variables and their ranges are listed in Tab. 2.

Figure 1: Experimental Setup

Figure 2: Liquid distributor (Ruan et al., 2009)
Table 2. Relevant physical variable and its scope
Physical parameter
Experimental range
Mass flow rate per unit length, Ƚ
Up to 0.29
Liquid density, ȡ
999.0-1111.0
Liquid dynamic viscosity, μ
1.03(10-3)-2.21(10-2)
Gas/liquid surface tension, ı
4.92(10-2)-7.3(10-2)
Tube width, d
25.4
Tube spacing, s
4.8,6.4, 9.5, 14.5, 19.4, 24.9
Distribution height, s2
2.0, 6.4
up to 575
Film Reynolds number, Re=2*/P
5.6(104)-5.8(1010)
Modified Galileo number, Ga=UV3/(P4g)

Figure 3: Flat tube
Units / uncertainty
kg·m-1·s-1
kg·m-3
N·s·m-2
N·m-1
mm
mm
mm
1%
4%

3. EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Description of Falling-Film Transition on Flat Tube
The flow patterns on the flat tube are similar to those on the round tube, as shown in Fig. 4. They are sheet (a, f),
sheet-jet (b), jet (column) (c), jet-droplet (d), and the droplet pattern (e). Images (a-e) were recorded using ethylene
glycol, and image (f) was recorded using water. These findings are similar to the flow patterns described in prior
work [4], but the “torn sheet” was not used in earlier papers. The torn sheet is a flow pattern in which the film does
not form a whole sheet and is torn to several pieces, while no jet appears. The “torn sheet” is different from “sheet”
and “sheet-jet”. Although the present flow patterns are very similar to those for round tubes, the transitional process
is very different under some conditions. For example, transitions of sheet/sheet-jet and sheet-jet/jet were not found
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for ethylene glycol. Instead there was a direct transition from whole sheet to jet mode. Also differing from the flow
on round tubes, no a stable whole sheet was found for laminar flows at large tube spacing. Both torn sheet and whole
sheet appeared at small tube spacing, so there is also unstable whole sheet, which means the whole sheet breaks up.
That is a reason to distinguish the torn sheet as a flow pattern. Thus, the classification for falling-film transitions on
flat tubes is slightly more complex than that for round tubes. In order to simplify the classification of falling-film
transitions, the criteria provided in this paper are described in Tab. 3, where symbol ‘/’ means the transition between
two flow patterns. Not all transitions listed in Tab. 3 appear in every flow, as discussed in detail later.

Figure 4: Flow patterns

Flow rate
decreasing

Flow rate
increasing

Table 3. Description of the transition criteria
Falling-film transition
Transitional criterion
whole sheet/jet
whole sheet begins to break into jets
whole sheet/ whole-torn sheet
whole sheet begins to break into pieces
whole-tore sheet/torn sheet
no whole sheet forms
torn sheet/ torn sheet-jet
first jet appears
torn sheet-jet/jet
no torn sheet appears
jet/jet-droplet
first droplet appears
jet-droplet/droplet
last jet disappears
droplet/jet-droplet
first jet forms
jet-droplet/jet
last droplet disappears
jet/torn sheet-jet
several jets merge into a torn sheet
torn sheet-jet/torn sheet
last jet last jet disappears
torn sheet/whole-torn sheet
whole sheet first appears
whole-torn sheet/whole sheet
stable, unbroken whole sheet
torn sheet-jet/whole sheet
a whole sheet appears

Simplification
WS/J
WS/W-TS
W-TS/TS
TS/TS-J
TS-J/J
J/J-D
J-D/D
D/J-D
J-D/J
J/TS-J
TS-J/T
T/W-TS
W-TS/WS
T-J/WS

3.2 Comparison to Falling-film Transitions for Round Tubes
Falling-film transitions for flat tubes are compared to those on round tubes in Fig. 5 for ethylene glycol (a) and water
(b), respectively, with s2= 2 mm and with a tube spacing s= 9.5 mm. The curves for round tubes are according to
correlations of Hu and Jacobi (1996), which are suitable for a tube spacing of s=5 to 50 mm at a distributing height of
s2=1.4 mm. In contrast to the round-tube flow, the flow patterns for ethylene glycol in Fig. 5(a) make a transition
from whole sheet to jet directly, without a sheet-jet mode. The whole sheet of water is torn from the bottom near the
tube, and the break develops vertically with decreasing flow rate. The transition threshold for sheet/jet for ethylene
glycol on flat tubes is about 43% smaller than that on round tubes, while the thresholds for J/J-D, J-D/D are about
64% and 51% larger than on round tubes. Thus, the flow rate range over which the jet pattern is observed is
significantly reduced. The same situation happens for a flow of water. Although the thresholds for TS/TS-J and TSJ/J for flat tube agree with those on round tubes, the transitions of J/J-D, J-D/D are about 46% and 24% larger on flat
tubes than on round tubes. Again, the jet pattern is present over a narrower range of flow rate.
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Figure 5: Comparison to the results of Hu and Jacobi (1996) for round tube (s=9.5mm, s2=2mm)
According to the literature (Yung, 1980), in the jet mode, the diameter of a jet dj is related to liquid flow rate,
physical properties of the fluid and tube spacing, as dj=31/4(16*V1/2 g-1 U-3/2 s-1/2 )1/2. Likewise, in the droplet mode, the
diameter of droplet is dd=3(VU-1 g-1 )1/2. Using these expressions and the experimental data, the average dj and dd
were calculated and are given in Tab. 3. The diameters of the jet and droplet under all conditions are larger than the
width of the flat tube (d=3.18mm). This situation is in sharp contrast to the conditions prevailing in the round-tube
flows, where the tube diameter is large in comparison to the jet and droplet, and this difference is probably important
in decreasing the range of flow rates over which the jet mode appears.

s(mm)
Ethylene glycol
Water

4.8
5.62
8.01

Table 3. Diameter of jet (dj) and droplet (dd)
dj (mm)
6.4
9.5
14.5
19.4
5.28
5.04
4.26
4.03
7.54
7.22
6.53
5.96

24.5
3.91
5.71

dd (mm)
\
6.36
8.16

3.3 Effects of Tube Spacing and Distributing Height on Falling-film Transition
The effects of tube spacing on flat-tube, falling-film transition are shown in Fig. 6. Data were obtained for s2=2mm,
and the x coordinate is tube spacing over tube width s/d. Results for both decreasing and increasing flow rates are
presented in Fig. 6, with Fig. 6(a) for ethylene glycol and Fig. 6(b) for water. The decreasing flow rate case for
ethylene glycol is different from the increasing flow rate case in Fig. 6(a), because the jet-sheet pattern is absent, as
discussed earlier. However, the increasing flow rate case has the sheet-jet flow pattern, and the transition of J/TS-J
and TS-J/WS. For water, the flow patterns are the same for increasing and decreasing flow rate, as shown in Fig.
6(b). It can be seen that the transition of WS/W-TS is absent at s=19.4 and 24.5mm, which means there is no stable
whole sheet pattern for these two values of tube spacing. Although some prior work makes no distinction between
whole sheet and torn sheet, there are differences and tube spacing has an effect. The average transition threshold for
WS/J for a decreasing flow rate is about 26% lower than that of J/TS-J and about 75% lower than that of TS-J/WS
for an increasing flow rate. For other flow patterns, the transitional flow rate for increasing flow rates is a little
higher than for decreasing flow rates; i.e., there is little hysteresis. A larger hysteresis has been reported for round
tubes (Hu and Jacobi, 1996).
The transitional threshold increases with the tube spacing, with a maximum increase of 24% for ethylene glycol and
a TS-J/W transition, and a maximum increase of 30.0% for water and a TS-J/TS transition. The trends for flat tubes
are different from those for round tubes, as shown in Fig. 7, where the experimental data are compared to results
from the literature (Roques et al., 2002). The experimental conditions of the current work are very similar to the
prior round-tube results. However, for the round-tube geometry, the transitional flow rate increases and then
decreases as the tube spacing increases, while that for flat tube it monotonically increases. The transitional threshold
for flat tube at low and high tube spacing is close to that for round tubes, but the threshold at s=14.5mm deviates
96% for ethylene glycol and 56% for water.
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Figure 6: Falling-film transition with different tube spacing at s2=2mm

(a)Ethylene glycol
(b) Water
Figure 7: Comparison with round tube at different tube spacing
Falling-film transitions for water at s2=2mm are compared to those at s2=6.4mm in Fig. 8. “Dec” and “Inc” in Fig. 8
indicate whether the flow rate was decreasing or increasing. For convenience in comparing falling-film transitions,
the whole sheet and torn sheet are united as sheet pattern, and the transition of WS/W-TS, W-TS/TS are ignored.
The transition of TS/TS-J is defined as the transition threshold of sheet and jet pattern. Fig. 8(a)-(d) show transitions
of S/S-J (S-J/S), S-J/J (J/S-J), J/J-D (J-D/J), J-D/D (D/J-D), respectively. The effects of distributing height on
falling-film transitions are different for different flow patterns. For S/S-J (S-J/S) transitions, the threshold is higher
at s2=6.4mm than that at s2=2 mm. For S-J/J (J/S-J) transitions, except at s/d=0.37, the threshold is lower for s2=2
mm than for s2=6.4 mm, but the difference is small compared to that for S/S-J (S-J/S) transitions. For J/J-D (J-D/J)
transitions, the thresholds at these two distributing heights are very close. For J-D/D (D/J-D) transitions, the
thresholds are smaller at s2=6.4 mm than that at s2=2 mm, which is contrary to S/S-J (S-J/S) transitions.
If the liquid distributor is a large distance from the first tube, the flow on the tube below it has a tendency to be
unstable, because of the increased flow velocity and the decreased liquid volume due to a larger distance. That
results in a larger transitional threshold for a larger distributing height, as in Fig.8(a). However, the difference is
reduced at small flow rates, and even a large distributing height with a small transitional threshold appears in Fig
8(d). In this work, the round tube is used up the first flat tube to give a steady flow, so a large distributing height
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allows the flow to develop freely between the round tube and the first flat tube. According to the earlier discussion,
the threshold for J-D/D (D/J-D) for round tubes is much lower than for flat tubes; thus, the higher distributing height
has a lower transition threshold.
The falling-film transition Reynolds numbers for ethylene glycol and water at s2=2mm are shown in Tab. 4, and the
RMS deviation is also listed. The maximum RMS is 4.58% for ethylene glycol. Because the data are limited to two
Ga, no general correlations are provided; work is underway to develop such correlations.

Figure 8: Comparison of two different distributing heights

s(mm)
4.8
6.4
9.5
14.5
19.4
24.5
RMS%

Table 4. Falling-film transition Re for ethylene glycol and water at s2=2mm
Ethylene Glycol Ga§16
Water
Ga§450
Decreasing
Increasing
Decreasing
Increasing
WS/J

J/J-D

J-D
/D

D/
J-D

J-D/J

J/S-J

S-J/S

S/S-J

S-J/J

J/J-D

J-D
/D

D/
J-D

J-D/J

J/S-J

S-J/S

12.1
13.1
13.8
13.5
13.2
15.3
4.58

6.1
6.7
8.0
7.0
6.7
7.4
3.05

3.2
3.5
4.6
3.6
3.6
4.0
4.40

3.7
4.5
5.1
4.4
4.0
4.3
3.13

6.4
7.2
8.5
7.6
7.2
7.6
3.38

15.6
16.0
16.1
17.8
18.1
18.5
2.38

21.6
22.1
22.2
24.8
25.2
26.1
1.63

395
429
461
470
486
513
0.87

365
389
427
426
431
449
0.77

268
289
297
328
335
341
1.53

209
230
227
236
262
264
4.53

203
231
230
244
262
268
4.21

259
293
298
320
336
348
1.40

363
390
430
435
434
448
0.84

395
427
459
473
481
512
2.34
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4. CONCLUSION
Falling-films flowing on flat tubes were observed, and the results are presented in this paper. Water and ethylene
glycol were used as working fluids, for falling-film experiments conducted under adiabatic conditions, without an
imposed vapor flow. The flow patterns were classified and the transitional Reynolds numbers were quantified. The
effects of tube spacing on falling-film transition at two different distributing heights were also studied. The
transitional Reynolds numbers were provided and a proposed transition map has been suggested. Conclusions are
summarized in the following:
x There are five basic flow patterns: sheet, sheet-jet, jet, jet-droplet and droplet when a liquid film flows on flat
tubes. The falling-film transitions are complex and include sheet/jet, sheet/sheet-jet, sheet-jet/jet, jet/jet-droplet
and jet-droplet/droplet, depending on different conditions such as working liquid, tube spacing and so on.
x The transitional thresholds for S/S-J, S-J/J are close to those of flows on round tubes, while the thresholds for J/JD and J-D/D are larger than those on round tubes. So, the range of flow rates over which the jet mode is observed
is small. The transition hysteresis for the flat tube is not as pronounced as with round tubes, except for the S/J
transition of ethylene glycol.
x Transition thresholds increase with tube spacing, and the effects of distributing height on falling-film transitions
depend on flow patterns. The S/S-J and S-J/J transitions are larger at a larger distributing height, but J/J-D has a
smaller threshold at a large distributing height.
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